The Clean Development Mechanism (CDM) allows industrialized countries to comply with the Kyoto Protocol by using carbon offsets from developing countries. There are two puzzles within this carbon market: additionality (the proposed activity would not have occurred in its absence) and co-benefits (the project has other environmental benefits besides climate mitigation). This paper proposes an econometric approach to evaluate the CDM effect on sulfur dioxide emission reductions and assess its additionality indirectly. Our empirical model is applied to China's emissions at the prefecture level. We found that the CDM does not have a statistically significant effect in lowering sulfur dioxide emissions. This result casts doubt on additionality of these CDM activities, that is, they would have happened anyway.
Introduction
The Clean Development Mechanism (CDM) is a project-based carbon market which enables industrialized countries to reduce costs of compliance with the Kyoto Protocol by implementing climate mitigation projects in developing countries. The CDM has been successful in mobilizing the investment of public and private sectors from both developed and developing countries for reducing greenhouse gas (GHG) emissions. By the year 2009, there were more than 4,200 projects in the pipeline that are expected to reduce GHG emissions by more than 2,900 million metric tons of carbon dioxide equivalent (CO 2 e) by the end of 2012. The CDM emission reduction is not trivial, in that it is around 40 percent of the U.S. emissions in 2007. 1 The CDM is nonetheless facing mounting criticism, in which the most serious challenge is its environmental integrity (Wara, 2007; Victor, 2009; Jaffe, Ranson, and Stavins, 2010) . Since there are no emission caps for developing countries, the usefulness of the CDM hinges on whether the proposed project would have occurred in its absence. This assessment is known in the literature as additionality. Lack of rigorous criteria to establish additionality, however, may result in some projects receiving an excess of carbon credits.
Even worse, some "business-as-usual" (BAU) activities might be wrongly registered as CDM projects. In this case, the credit buyers' increased emissions may not be fully offset by real emission reductions in the CDM activity. This may jeopardize on the effectiveness of the international emission trading system (Fischer, 2005) .
Another criticism is that the CDM insufficiently promotes sustainable development, although it is stipulated as one of its dual goals in the Kyoto Protocol (Olsen, 2007; Sutter and Parreno, 2007) . The CDM is expected to improve environmental quality in host countries because GHG emission reductions may also lower emissions of other pollutants such as sulfur dioxide (SO 2 ). The so-called co-benefit is one of the major reasons for developing countries to be involved in climate mitigation. However, while there is a price for CO 2 , the local pollutants may not be monetized. Since the carbon market is only responsive to price signals, CDM developers have limited interest in generating other benefits besides carbon credits.
Additionality and co-benefits are two puzzles within this carbon market. Little is known empirically about whether the CDM has achieved these two goals. A major barrier for empirical studies is that the GHG emission data is not reported at the sub-national level in developing countries. We address this problem by exploiting the connections between GHG and its co-pollutant emission reductions. To our knowledge this is the first paper that simultaneously evaluates additionality and co-benefits. Furthermore, the proposed econometric framework is not just applicable to the CDM. It has the potential to contribute to emerging policy debates about other baseline-and-credit programs such as voluntary carbon markets and energy efficiency credits.
As for the co-benefits of the CDM, we focus on sulfur dioxide (SO 2 ) emission reductions because of its broad environmental and health impacts.
2 Emissions of sulfur dioxide and GHGs are closely correlated with fossil fuel use (Aunan et al., 2006) . A separate analysis of either pollutant may not be able to provide a sufficient analytical framework (Silva and Zhu, 2009 ). More importantly, since GHG data is not widely available, SO 2 abatement may be useful for inferring GHG emission reductions. The rationale is that if fossil-fuel power generation is replaced by renewable energy, both CO 2 and SO 2 emissions will be reduced. If there is no observed change in SO 2 emissions, the efficacy of the CDM to reduce CO 2 would be called into question. Note that our additionality test is conditional on non-zero co-benefits. Therefore, we are not able to assess additionality for those projects that do not reduce sulfur emissions.
The econometric framework is an extension of the literature that investigates the de-2 It is worth noting that reducing SO 2 emissions may have an unintended consequence on global warming. Its product sulfate aerosol, a major component of atmospheric brown clouds (ABCs), has a climate cooling effect by reflecting visible solar radiation (Ramanathan and Feng, 2008). terminants of SO 2 emissions (Grossman and Krueger, 1995; Antweiler, Copeland, and Taylor, 2001; Dasgupta et al., 2002; Stern, 2004; Frankel and Rose, 2005; Carson, 2010) .
Our model is adapted from, without relying on, the environmental Kuznets curve (EKC).
Realizing that the classical polynomial EKC model may be too restrictive (Millimet, List, and Stengos, 2003) , we apply a fixed-effect semiparametric model that does not specify the functional form between emissions and income.
Our model augments the typical specification of SO 2 emissions through the inclusion of a policy variable reflecting CDM activities (measured by carbon credits). Identification of the causal effect of a CDM project is achieved through the inclusion of fixed effects, as well as the fact that CDM activities are determined well in advance of current SO 2 emissions because CDM approval is a lengthy process. Project developers have to wait at least one year between public comments and registration. The fixed effects capture resource endowment and industrial base, both of which are critical in the selection of CDM projects. Because resource endowment and industrial base change slowly, they can be regarded as fixed over the sample period. Therefore, conditional on the observables and the fixed effects, the selection of CDM activities is independent of sulfur emissions.
In this paper, we estimate the effect of the CDM in reducing SO 2 emissions at China's prefecture level. China is the world's largest GHG and SO 2 emitter. It is also the dominant player on the CDM market. The prefecture is the most disaggregated administrative unit that documents SO 2 emissions consistently, and this unit of analysis provides sufficient cross-sectional and temporal variation. Our econometric model shows no empirical support that the CDM has led to lower SO 2 emissions. This finding casts doubt on additionality -specifically, that these project activities would have happened without the CDM.
Background and Data
We first briefly discuss some key issues in the Clean Development Mechanism, including the baseline and co-benefit. We then discuss the CDM activities in China. Finally, we present the data set used in our study.
Key Issues in the CDM
The Clean Development Mechanism is the only "flexible mechanism" under the Kyoto Protocol that engages developing countries in climate mitigation.
3 Because the marginal abatement costs in developing countries are lower than those of developed ones, the CDM helps the latter to reduce their costs of compliance with emission reduction commitments.
Reciprocally, the host countries can benefit from financial assistance, technology transfer, and non-GHG emission reductions.
The CDM employs a baseline-and-credit program. It is distinguished from the capand-trade system by the fact that there are no explicit caps for carbon credit suppliers.
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Theoretically these two systems are numerically equivalent if the baseline implies the same level of caps. Since the baseline describes a hypothetical emission scenario that would have occurred without the project, how to construct a baseline becomes the central problem of the CDM. Project developers have incentives to overstate BAU emissions to maximize credits. Even worse, some projects that would have occurred otherwise might enter the CDM pipeline and hence additionality requirements are violated.
In order to avoid awarding carbon credits to projects that would have happened anyway, the CDM Executive Board (EB) has set rules to determine additionality. 5 This over-arching additionality framework consists of four steps: 1) identification of alternatives to the project activity, 2) investment analysis to demonstrate the proposed activity is not the most economically or financially attractive, 3) barrier analysis, and 4) common practice analysis. Although official criteria have been designed for assessment purposes, their implementation is highly subjective and often lacks documented evidence to substantiate additionality (Schneider, 2009) . Overall, the methodology does not achieve its intended objective of establishing a valid counterfactual.
The CDM is supposed to achieve dual goals: lowering abatement costs and promoting sustainable development. As for the first objective, the certified emission reductions (CERs), being equal to one metric ton of CO 2 e, consistently sell at a discount to the European Union Allowances (EUAs). 6 However, when it comes to the sustainability goal, some argue that its role is largely marginalized (Olsen, 2007) . The carbon market can not optimally allocate resources for non-monetized sustainability. The low-cost emission reduction projects are not necessarily aligned with the sustainability priority in the host countries. Examples include industrial gas projects such as hydrochlorofluorocarbons (HFCs) and nitrous oxide (N 2 O). These projects can generate large volumes of CERs at low costs, but they have very little sustainability benefit other than climate change.
The controversial industrial gas projects are gradually being phased out due to the saturation of project opportunities and stringent regulations. Renewable energy and energy efficiency have become the mainstream project types. These projects have strong co-benefits beyond climate mitigation. Figure 1 shows a breakdown of CDM projects by types. For example, renewable power replacing fossil-fuel power plants will reduce not only GHGs, but also other air pollutants such as sulfur dioxide, nitrogen oxide, and particulates. As long as the CDM activities of these types are additional, we should be able to observe associated co-benefits. 6 The prices of CERs and EUAs are available at the European Climate Exchange http://www.ecx.eu/. The discount on the primary CDM market is greater than the secondary market. The primary market discount reflects the risks of CER issuance. The secondary market discounts may reflect that CERs are not completely fungible to EUAs.
The CDM in China
China is the biggest supplier on the primary CDM market. It accounts for 35 percent of registered projects and 59 percent of expected annual reductions as of 2009. The concentration of the market is mainly due to abundant opportunities for emission reductions.
China has risen to become the world's largest GHG emitter since 2007 and the momentum will likely be maintained in the future.
7 According to Auffhammer and Carson (2008) , the projected increase in China's emissions out to 2010 is several times larger than the amount reduced in Kyoto Protocol. In addition to total emissions and the size of industrial base, factors that attract foreign direct investment (FDI) also increase the flow of international carbon credit investment. In this regard, economies of scale and the business environment all contribute to China's market share (Capoor and Ambrosi, 2008 (World Bank, 2007) . The expectation that the CDM helps reduce local and regional air pollutants besides GHGs makes participation even more attractive for China.
The Data
In this paper, the unit of analysis is a prefecture. A prefecture, literally translated as a 
We analyze industrial emissions because the CDM also affects non-power SO 2 emissions, which is the so-called "leakage effect 
Empirical Strategy
The emission reduction of a CDM project is measured by the difference between the baseline emissions and the project's real emissions. A baseline is a scenario that represents GHG emissions in the absence of the CDM. Let t index time and k index pollutant. Let y denote the project emission, y * denote the baseline emission, and r denote the emission 9 Source: http://www.cdmpipeline.org/.
reduction. A project's emission reduction is
Note that the emission reduction is positive only if its emission level is below the baseline.
While it is straightforward to monitor a project's real emissions, it is tricky to determine what the emissions would otherwise be. Different baselines may imply significantly different amounts of emission reductions. In this section, we present two approaches that can be used to construct emission baselines.
Engineering Model
Most CDM activities replace fossil-fuel power generations by delivering electricity generated from renewable energy sources. Hence the emissions reduction attributed to a CDM project is the avoided emissions of the displaced power plants/units. Instead of identifying the exact source of displaced generations, a grid-level emission baseline can be used to quantify the emission reduction
In this form, e is the net electricity supply by the CDM project (MWh), f grid is a grid-level emission factor (ton/MWh), and l is the leakage. The leakage is the increased emissions attributable to CDM activities that occur outside the project boundary. For renewable energy projects, there are no emissions and leakage is often treated as zero.
One method to calculate the emission factor is the operating margin (OM). The OM assumes that it is the electricity from marginal power plants that is displaced. A marginal plant is defined as the power plant on the top of the grid system dispatch order without CDM activities. It is apparent that the OM measures the short-run effect of CDM activ-ities. The CDM Executive Board suggests the operating margin emission factor can be calculated by generation-weighted emissions from all grid-tied power plants excluding low-cost and base-load plants/units.
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Another method is to use the build margin (BM) emission factor. It assumes that CDM activities delay or cancel the construction of new power plants/units. The BM can be calculated in the same ways as the OM, except that a different sample of power plants is used. In general, the newly built plants are equipped with better technology and thus emit fewer pollutants than existing plants. This implies that the build margin is normally smaller than the operating margin.
In this section, we outline an engineering model that can be used to compute emission factors. This model is based on the simple OM method since it is widely used in CDM project designs. The grid-level emission factor is calculated by
where f plant is a plant-level emission factor. It is worth noting that not all power plants/units in the grid are included in the calculation. The project developers, following guidelines in host countries, propose how to select the sample. The proposed baseline needs to be validated by independent audits.
If multiple fuels are involved, the plant-level emission factor is then
In this form, c is the amount of fuel consumed (mass or volume unit), v is the energy content (GJ/mass or volume unit), and λ is the fraction of pollutants removed. Carbon capture and storage (CCS) can remove CO 2 but it is not yet commercialized, so that λ CO 2 = 0. As for SO 2 emissions, all new and existing coal-fired power plants in China are required to install flue gas desulfurization (FGD) equipment. The average removal rate in 2008 is around 78.7 percent.
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In calculating emission factors, either the ex ante or ex post approach is allowed. All CDM projects in China employ ex ante information to establish the baseline because it reduces the risks of carbon credit generation. The most recent available information of already built power plants/units is included in the sample group (three years before the submission of PDDs). In addition, the emission factor is generally fixed or adjusted according to a predetermined rate during the project crediting period.
According to equations (2), (3), and (4), it is apparent that there is a connection between CO 2 and SO 2 emissions reductions. To simplify this illustration, suppose that a renewable energy project with zero leakage delivers electricity to a grid. The grid's baseline emissions can be characterized by average emission factors f SO 2 and f CO 2 , as well as average the SO 2 removal rate λ SO 2 . The ratio of emission reductions for these two pollutants is then
In this form, if all parameters are known, we can use CO 2 emission reductions to estimate the abatement of SO 2 emissions.
Note that equation (5) is greatly simplified. When the engineering approach is used to estimate SO 2 emission reductions, the emission factors take into account multiple plants and multiple fuels. The emission factors of China's power industry are adapted from Cao and Wang (2010) and are reported in Table 2 . In this table, the combined margin (CM) is just a simple average of the operating margin and the build margin.
Econometric Identification
The engineering approach can be used to quantify co-benefits if CO 2 emission reductions are real (or additional). However, if we only observe carbon credits instead of real emission reductions, this approach is correct only if the carbon credits are issued based on an appropriate baseline. An exaggerated baseline results in overallocated carbon credits and exaggerated co-benefits. To estimate co-benefits without assuming that carbon credits reflect real emission reductions, we propose an econometric approach in this section.
An alternative treatment of equation (5) is to regard the emission ratio as a parameter. If CO 2 and SO 2 emission reductions are known, this parameter can be estimated by (5) is rewritten as
However, this model is not estimable because emission reductions in CO 2 and SO 2 are not directly observable.
Suppose that a CDM project receives a credit of c CO 2 , while the real emission reduction is r CO 2 = ρc CO 2 , where ρ is an unknown parameter. If the project is awarded more than what it actually reduces, then ρ < 1. If ρ = 1, then the carbon credit issuance is fair.
If ρ > 1, it means that the emission baseline is too conservative. According to equation (6), the reduction in SO 2 emissions is σρc CO 2 . The relationship between SO 2 emission reductions and carbon credits is
In this form, the empirical challenge is that the SO 2 emission reductions attributed to the CDM activities are not directly observable. According to equation (1), SO 2 emission reductions are estimated by the difference between baseline and real emissions. Combining equations (1) and (7) and denoting γ ≡ −σρ, we obtain
Equation (8) can be used to evaluate the effectiveness of the CDM on SO 2 emission reductions. It also provides an indirect test for additionality. Based on the engineering model, σ can be estimated and used as the prior information. If −γ < σ or equivalently ρ < 1, it suggests that there is an over-issuance of the carbon credits. Even worse, if γ = 0, it implies that the CDM activities may not be additional at all. Note that our argument is based on the assertion that σ = 0. Since we have excluded all industrial gas projects that have zero co-benefits, the assumption is true for all other projects. The argument is supported by the environmental engineering studies, for example Aunan et al. (2006) .
is modeled as
The pollutant subscripts are ignored to reduce notational clutter. According to equation (8), the CDM effect is additive and proportional to the project scale, which implies that
In this form, w it is income measured by real GDP per capita (GDPPC), m() is a flexible function that we define below, and x it includes prefecture-and time-variant control variables other than income. The prefecture fixed effects u i controls for time invariant unobservables such as resource endowment, industrial base, and institutional capacity.
The time effect v t controls for unobserved trends such as national emission regulations and technological progress as well as year-specific shocks to emissions.
The causality of the regression follows that if the CDM decreases fossil fuel consumption, SO 2 emissions will also be reduced since sulfur emissions result from energy use.
A CDM project is determined before the current SO 2 emissions because its approval is a lengthy process. Project developers have to wait at least one year from public comments to registration. In addition, the selection of the CDM projects hinges on resource endowment and industrial base. Hydro, wind, solar, coal bed methane, and biomass projects depend on the abundance of their respective natural resources. The remaining energy efficiency projects depend on the industrial base and the energy intensity of the economy.
Because resource endowment and the industrial base change slowly, they can be regarded as the fixed effects. Energy intensity can also be controlled for. Therefore, conditional on the observables and the fixed effects, the selection of CDM activities is independent of sulfur emissions.
The included explanatory variables are widely used in the empirical studies that investigate the determinants of SO 2 emissions (see Stern (2004) for a review). The causal relationship of income and pollution is a concern (Carson, 2010) . The argument that income causes emissions is fully discussed in Antweiler, Copeland, and Taylor (2001) : changes in real income have contemporaneous effect on pollution, but environmental policies that determine pollution level respond to income levels slowly. To further address this issue, we use lagged income to replace current income in the robustness checks as is suggested by the growth literature.
In the set of control variables x it , population density (POPDEN) is a measure of land area per capita. This demographic is a determinant of pollution but it responds to pollution slowly because migration takes time to realize. In addition, residential migration is constrained by the family register system (hukou) in China. Energy efficiency (EE) is a measure of real industrial output per kilowatt of electricity use. Pollution is a consequence of energy use and so it hinges on the energy intensity. The capital-to-labor ratio (KL) is defined as a ratio of fixed asset investment to number of employees. The inclu- 
Specification and Estimation
The classical environmental Kuznets curve (EKC) model posits an inverted-U relationship between income and pollution (Grossman and Krueger, 1995) . It claims that emissions increase with income at an early development period and then decrease after passing some income thresholds. Although the EKC model has many limitations (Dasgupta et al., 2002; Stern, 2004; Carson, 2010) , it provides a basic structure to predict pollution at the aggregate level. Although our approach does not rely on the EKC framework, it motivates us to specify a nonlinear income-emission relationship.
A prefecture is the unit of analysis in this paper, but the CDM activity does not necessarily replace carbon-intensive generators in the same prefecture. It may replace genera-tors in the same province or even in the same grid. It is therefore important to incorporate the spillover effect in a spatially explicit model. Following the approach proposed by Duflo and Pande (2007), we incorporate the effects of the CDM activities in adjacent areas.
With the above two assumptions, our parametric regression is specified as
In this form, c , and α, β, and γ are parameters to be estimated.
ε it is an error term which captures deviations between actual and estimated baselines emissions. Under the assumption of strict exogeneity, its mean is zero conditional on the observables and the fixed effects 13 .
Although a cubic term is included to accommodate more curvatures in equation (10), the polynomial specification is still very restrictive. Millimet, List, and Stengos (2003) suggest that a semiparametric model is more appropriate because the parametric model is rejected by their specification test. We generalize their model to accommodate CDM activities and other variables. Specifically, we propose a semiparametric partially linear model, in which the conditional mean of SO 2 emissions has an unknown relationship in income and is linear in other variables. The semiparametric model is then
where m(w it ) is a smooth function that is unknown to the researcher. For simplification, 13 Our identification strategy rests on the timing of the CDM application process in light of the strict exogeneity requirement. If CDM is related to past unobserved determinants of baseline emissions, the results will be biased. the above model can be written as
where z it includes all time variant explanatory variables other than income w it . The time effects are lumped into z it as dummy variables. To estimate the above model, we can use the first difference or de-meaning to cancel out fixed effects. A first difference of equation (12) leads to
The profile-kernel method proposed by Henderson, Carroll, and Li (2008) is employed to estimate the differenced partially linear panel data model. This approach shows that a consistent estimator of π is given bŷ
In this form, Ω = cov(∆ε it ), ∆z it = ∆z it −(m z (w it )−m z (w it−1 )) and ∆ÿ it = ∆y it −(m y (w it )− m y (w it−1 )). m z (w) (or m y (w)) represents estimates from a nonparametric regression of z (or y) on w alone. This estimator in (14) is √ n-consistent, and the asymptotic variance can be estimated by
A consistent estimator of the variance-covariance matrix Ω iŝ
In this form, I is an identity matrix, e is a vector of ones, and σ v is estimated bŷ
With a consistent estimate of π, letŷ it = y it −z itπ . With this model (12) can be converted to a nonparametric fixed effect regression
Multiple methods are available to estimate this model including the series method and the profile-kernel method (Lin and Ying, 2001; Su and Ullah, 2006) . We utilize the nonparametric iterative kernel estimator proposed by Henderson, Carroll, and Li (2008) because it accounts for the variance structure and semiparametric efficiency. The estimation is implemented in Matlab. The code is available upon request.
Results and Discussion

Engineering Results
First, we estimate the effect of CDM activities in reducing SO 2 emissions by means of the engineering approach. The grid-specific combined margin emission factors are used, which is a simple average of the operating margin and the build margin. The combined margin is shown in Table 2 . We report the resulting grid-level emission reductions from the CDM activities in Table 3 . The emission data is for 2005, which is the most recent available information. The CO 2 data is also included for comparison. The figures show that the CDM activities are expected to reduce 35.8 million tons of CO 2 annually, which is about 1.6 percent of total emissions from all grids in 2005. In terms of SO 2 emissions, they are expected to reduce 0.27 million tons annually, or 1.4 percent of 2005 emissions from all grids. According to the national data, σ is estimated to be 0.0076 ton-SO2/ton-CO2, which implies that one ton of CO 2 emission reduction will lower SO 2 emissions by 0.0076 tons at the grid level.
It is worth noting the engineering estimate does not have an associated standard error.
The parameters that we are using, mostly from the literature and official documents, only report the mean values instead of confidence intervals. Another important point is that only small hydro power and wind power projects are included in the analysis, because they have zero emissions. These two project types account for 59 percent of total registered projects as of 2008. CDM activities other than industrial gas projects can also reduce SO 2 emissions. However, their own emissions need to be taken into account. If other project types are included, the estimated coefficient would be smaller than the current estimate.
The engineering approach assumes that the BAU emissions can be extrapolated from the ex ante information. Specifically, the baseline is calculated by using present and past emission factors of existing power plants. This approach reduces risks for project developers because the expected carbon credits are known in the future. However, uncertainties arise in the environmental integrity because the static baseline does not make adjustment for future changes. Most CDM projects use static baselines. Even if a "dynamic" baseline is used, the adjustment is linear and the slope is predetermined (Zhang, Zou, and Chen, 2003; Lee, 2005) . In a fast changing economy, this methodology does not perform well. For example, if renewable energy increases exponentially as is observed in some developing countries, the engineering baseline would set the BAU emissions too high and lead to an inflation of carbon credits.
Econometric Results
In this section, we present the results for the econometric models that use ex post information to evaluate the CDM's co-benefits on sulfur emissions. We estimate the para-metric model (10) and the semiparametric model (11) using the prefecture-level data in
China. The CDM effect on power generation is the focus of this study, which determines if the CDM has co-benefits and additionality within the power sector. The semiparametric model is our preferred specification because of its flexibility, while the parametric model is used for comparison purpose. The estimates of central interest are the coefficients for carbon credits at the prefecture level (CCO2), province level (PCO2), and grid level (GCO2). The estimation results are reported in Table 4 . A Wald test of model 1.2.1
for the joint significance of the CDM effect results in a p-value at 0.99, which rejects the null hypothesis that the CDM reduces SO 2 emissions. A joint test of the the parametric model 1.1.1 leads to the same conclusion.
It is interesting to test the econometric estimate against the engineering estimate. If the CDM activities receive a fair amount of carbon credits, both estimates should be close.
Since the econometric models are estimated using the prefecture-level data, the CDM effect needs to be aggregated to the grid level to be compared with that of the engineering model. 14 The test results show that we fail to reject the null hypothesis that engineering and econometric estimates are being equal. The fact that we are not able to rule out cobenefits and additionality is at odds with the previous result. This is likely because the data do not provide precise enough estimates to distinguish between two vastly different hypotheses.
Although the treatment effect is insignificant, the sign of the estimate is still interesting. If CDM activities have lowered sulfur dioxide emissions, the coefficients of carbon credits should be negative. However, the estimates for provincial and grid CERs are positive. This may be explained by the fact that fossil-fuel power plants are built to match with renewable power generation. For example, wind power is highly variable in elec- 14 The null hypothesis γ 1 + γ 2 + γ 3 = σ is tested. The engineering estimate is the grid level reduction in SO 2 from a carbon credit unit. So, we need the econometric estimate of a grid level reduction. If a carbon credit is issued in prefecture i, then CCO2 goes up by one unit and SO 2 changes in i by γ 1 . But, then SO 2 changes in each other prefecture in the same province by γ 2 , and in each other prefecture in the grid, but outside the province, by γ 3 . tricity output at different time scales. Additional power plants are needed to stabilize intermittent power supply and safeguard against blackouts. The coal-fired power is often used as a backup because of its availability and reliability. It is possible that the CDM helps ramp up thermal power capacity as it promotes wind farms. In this case, the effect of the CDM activity -a combination of wind and coal-fired power -hinges on the baseline scenario. If the baseline is coal-fired power, the CDM reduces emissions unambiguously.
If the baseline is renewable power, the CDM actually increases emissions. If the baseline is a wind-coal combination, the CDM has no effect at all. In all other cases, the CDM has an uncertain effect in emission reductions. Table 7 summarizes the hypothetical effect of the CDM activity under different baseline scenarios.
The econometric results suggest that the CDM activities in China are not effective at reducing SO 2 emissions, and therefore cast doubt on additionality. That is, without the compensation of carbon credits, these projects may still have occured. There is some evidence to support this hypothesis. As of 2008, the cumulative installed capacity of wind power in China was 12,152.79MW, of which 11,389.58MW was installed during 2005-2008. 15 In the same period, the CDM wind farms generated a total capacity of 5,154.92MW. This suggests that about 55 percent of wind power projects have been built without the assistance of the CDM. During a recent CDM-EB meeting in December 2009, 10 of China's wind power CDM projects were not approved. The decision was made on the grounds that these projects do not meet the additionality requirement.
This is not to say that project developers intentionally manipulate additionality requirements. Rather, it is the current CDM baseline methodology that fails to predict future emissions in a fast changing economy. China's central planners made the same mistake as they set a 2010 wind power target of 5,000MW in the Renewable Energy Planning Report of 2007. In fact, in the same year that the Plan was published, China's total capacity reached 5,906MW. The rapid growth of wind power is partially explained by the favorable on-grid power tariff. It also reflects the fact that state-owned power companies have attempted to grab market share without cost considerations (Li and Gao, 2008) . If this is true, it shows that wind power projects are still not the most economically or financially attractive. Under the current additionality criteria, wind projects should still qualify as CDM activities.
Our model sheds some insight on the environmental Kuznets curve. The estimated coefficient is highly significant for all parametric models. The result supports a nonlinear relationship between SO 2 emissions and income. However, the relationship is not an exact inverted U-shape because the coefficient for the cubic term is significantly different from zero. Instead, the pollution-income relationship is better described by an N-shape curve. The semiparametric model does not specify the functional form. The nonparametric estimate of the relationship is depicted in Figure 4 . The solid line ism(w) estimated by the iterative kernel method. Two dashed lines outline a 95 percent confidence interval for each point estimate.
A visual inspection of Figure 4 shows that there are multiple maxima and minima in the environmental Kuznets curve. This implies that the parametric model is misspecified because the cubic model only has one local maximum and one local minimum. A formal specification test is needed to show that the semiparametric model performs better. This can be implemented by the bootstrapping method proposed by Henderson, Carroll, and Li (2008) . However, since different specifications produce the same qualitative results for the policy variables, we leave this specification test for future research.
The econometric model also yields reasonable estimates for other parameters. The coefficient for population density (POPDEN) is positive but it is not statistically significant.
It may be a net effect of: 1) fossil-fuel power generation is located close to demand factors such as population centers, and 2) pollution is more regulated in population centers because of public health concerns. Energy efficiency (EE) has a significant nonlinear effect on power SO 2 emissions. At first, as the industrial output per kilowatt increases, de-mand for electricity as well as emissions climb. After some threshold, improving energy efficiency will lower the demand for electricity and hence SO 2 emissions. The capital-tolabor ratio (KL) has a significant nonlinear effect as well. If the capital endowment is low, increasing capital can cause more constructions of power plants and induce more SO 2 emissions. However if the capital endowment is large enough, an increasing capital-tolabor ratio leads to lower emissions because of investment in capital-intensive cleaner industry or pollution abatement. The investment in education and R&D per capita (ESPC)
reduces SO 2 emissions but the effect is not significant. The level of foreign direct investment (FDIR), which is measured as a ratio of FDI to fixed asset investment, has an ambiguous effect on emissions. Its estimate is statistically insignificant. The insignificant effect of FDI might be due to a complex interaction between the "pollution haven" effect and the "gain from trade" effect (Antweiler, Copeland, and Taylor, 2001; Jeppesen, List, and Folmer, 2002; Dean, Lovely, and Wang, 2009 ).
Robustness Checks
The first robustness check is concerned with the dependent variable. Besides power generation, we also evaluate the CDM effect on SO 2 emitted (SO2E) and generated (SO2T) by all industries. The CDM effect on all industries is not necessarily the same as that of the power sector because of the spillover or leakage effect. Estimation results for industrial SO 2 emissions are reported in Table 5 . The semiparametric specification is still preferred because of its flexibility. For the main specification 2.2.1, the p-value of the Wald test for the joint significance of the CDM effect is 0.21, so that we cannot reject the null hypothesis of no effect at the 90% confidence level. The empirical results do not support the notion that CDM activities reduce total industrial SO 2 emissions.
As for SO 2 generated from all industries, the coefficients for CCO2, PCO2, and GCO2
are positive as is shown in Table 6 . The Wald test for model 3.2.1 has a p-value less than 0.01, which means that the null hypothesis of no effect is rejected at the 99% confidence level. This result suggests that the CDM has increased SO 2 generated by all industries.
This can be explained by the leakage effect. An increase in pollution induced by CDM activities outside the project boundary could fully offset the effect within the boundary.
The magnitude of the CDM effect is the greatest at the prefecture level and the weakest at the grid level. This is sensible, because the leakage effect comes from project construction and operation, and thus the prefecture that hosts the projects undergoes the major impact.
To address the concern that locational and time varying unobservables may affect CDM projects and SO 2 emissions simultaneously, we include province-by-time and gridby-time dummies. When sub-national time dummies are included, the time effects are not necessary because of multicollinearity. It is also worth noting that provincial CERs are almost absorbed by the province-by-time dummies. Note that PCO2 is defined as the difference between provincial and prefecture CERs. Because provincial CERs are much larger than prefecture CERs, prefectures within the same province have very little variation in PCO2. Including both PCO2 and province-by-time dummies causes the data matrix to be close to singularity. This is also true for the grid-by-time dummies. Therefore, when the grid-by-time dummies are present, the grid CERs are removed for identification purpose; when the province-by-time dummies are present, both grid and provincial CERs have to be removed.
Our empirical results are robust to the inclusion of the sub-national time effects. For the emissions from power plants, the CDM effect is still insignificant with additional dummies. Other parameters yield the same qualitative results. A notable difference is that the coefficient for population density is now significantly positive. For SO 2 emitted by all industries, there is no significant CDM effect either. However, including provincial time dummies makes the parameter for FDI insignificantly negative and that for ESPC significantly negative. Subnational time dummies do not change the qualitative results for SO 2 generated by all industries. Similar to the previous case, the significance of the FDI effect disappears with subnational dummies, which suggests that locational differences that affect FDI may be time variant (Dean, Lovely, and Wang, 2009 ) .
The causality of the pollution-income relationship is another concern. According to the growth theory, lagged income can be used as an instrument for current income (Frankel and Rose, 2005) . Because the income parameters are not our focus, we adopt the reduced form strategy and use lagged GDP per capita as a regressor. Since the model yields very similar results to the one that uses current income, we do not report the full estimation results here, but they are available upon request.
The last robustness check is to separate out the treatment effect by project types. The CDM is divided into four categories: hydropower (HYDRO), wind energy (WIND), energy efficiency (ENERGY), and other activities (OTHER). Table 1 reports the summary statistics for these variables. Our specification includes province-by-time dummies. The estimation results support our main conclusion. For power plants, none of the parameters for CERs yields significant results. The CDM effect on industrial SO 2 emissions is also insignificant. As for SO 2 generated by all industries, the only significant effect is that the energy efficiency projects increase SO 2 generation. Results for these regressions are also available upon request.
Conclusion
Utilizing the relationship that CO 2 and SO 2 are co-pollutants of fossil-fuel combustion,
we propose an econometric approach to evaluate the co-benefits of the Clean Development Mechanism and indirectly assess its additionality. Using China's prefecture-level economic and emission data, we find that the CDM does not have a statistically significant effect on SO 2 emissions. Our empirical findings contradict the results predicted by the engineering model. It thus casts doubt on the additionality assumption on which the engineering model is based. These results lend support to the previous conjectures that some CDM activities would have happened anyway.
Nevertheless, our paper is limited by the available data. We only include the registered CDM projects, while there are many more in the pipeline. If all these projects are eventually approved and implemented, it is possible that some non-negligible co-benefits will be observed. At present, the number of projects is relatively small, and the time period is relatively short for the CDM to make a difference. Methodologically, our microeconometric approach is appealing for further tests of additionality, since project-level information is also available. We leave this for future research. 
